Nuclear localization of insulin-like growth factor receptor type 1 (IGF-1R) has been described as adverse prognostic factor in some cancers. We studied the expression and localization of IGF-1R in paediatric patients with gliomas, as well as its association with World Health Organization (WHO) grading and survival. We conducted a single cohort, prospective study of paediatric patients with gliomas. Samples were taken at the time of the initial surgery; IGF-1R expression and localization were characterized by immunohistochemistry (IHC), subcellular fractionation and western blotting. Tumours (47/53) showed positive staining for IGF-1R by IHC. IGF-1R nuclear labelling was observed in 10/47 cases. IGF-1R staining was mostly non-nuclear in lowgrade tumours, while IGF-1R nuclear labelling was predominant in high-grade gliomas (p = 0.0001). Survival was significantly longer in patients with gliomas having non-nuclear IGF-1R localization than in patients with nuclear IGF-1R tumours (p = 0.016). In gliomas, IGF-1R nuclear localization was significantly associated with both high-grade tumours and increased risk of death. Based on a prospective design, we provide evidence of a potential usefulness of intracellular localization of IGF-1R as prognostic factor in paediatric patients with gliomas.
Introduction
Gliomas are the most common solid tumours in children, accounting for approximately half of all paediatric central nervous system (CNS) tumours [1] . The World Health Organization (WHO) classification of CNS tumours organizes gliomas according to their histological characteristics and divides them into four grades of malignancy (I-IV) [2] . Paediatric gliomas are very different from their adult counterparts, most of them are low grade (I and II) and do not develop into high-grade (III and IV) tumours [3] . In 2016, the WHO classification of CNS tumours was updated in order to include molecular findings as diagnostic biomarkers and prognostic factors [4] . For instance, in adult gliomas, the presence of IDH mutations defines tumour classification and patient management [5] . Conversely, in paediatric gliomas, molecular biomarkers with prognostic value are rarely found, and the histologic and grading WHO classification remains the Bgold standard^for the diagnosis and patient management [4] .
In 1997, Glick et al. provided the first evidence of the presence of insulin and insulin-like growth factor (IGF) receptors in human CNS tumours [6] . The IGF system of ligands and receptors plays important physiological roles to ensure cellular survival and proliferation of many tissues. Several components of the IGF system are known to be present in tumours from both adults and paediatric patients. In particular, the presence of type 1 receptor for IGF (IGF-1R) has been described as a prerequisite for the acquisition of a neoplastic phenotype [7] [8] [9] [10] .
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IGF-1R is a membrane receptor, belonging to the tyrosine kinase family of receptors, and signalling through tyrosine kinase that targets the phosphorylation of molecules such as IRS proteins, phosphatidylinositol 3-kinase and others. However, its nuclear localization has also been described in cells of melanoma [11] , renal cancer [12] and sarcomas [13] . Intact IGF-1R was detected in the nuclei of human malignant and non-malignant cells, showing an association between higher levels of nuclear IGF-1R with poor prognosis in patients with clear cell renal cancer [12] . Nuclear IGF-1R expression has been shown to be an adverse prognostic factor in both embryonal rhabdomyosarcoma [13] and synovial sarcomas [14] . Although the function of the IGF-1R in the nucleus is still unknown, these results suggest that nuclear IGF-1R localization may contribute to the development of an aggressive phenotype.
In spite of the growing evidence showing the presence of IGF-1R in the nucleus of different human cancer cells [15] [16] [17] [18] [19] , no reports have focused on paediatric gliomas. The present study was designed to explore the IGF-IR expression and intracellular localization in paediatric gliomas and to assess whether IGF-1R intracellular localization is associated with WHO histological grading and patient survival.
Materials and Methods

Study Design and Patients
We performed an observational, single cohort, prospective study in the tertiary paediatric hospital BDr. Ricardo Gutiérrez^in Buenos Aires (Argentina). All patients under 19 years of age undergoing surgery for glioma between June 2012 and December 2016 were included. Patients with previous radiotherapy were excluded. Only histological samples obtained at the first surgery were studied. The diagnosis of glioma was ascertained following the morphological criteria according to the WHO classification system [2] . The available clinical data for each patient included age, gender, date of surgery, extent of surgical resection, adjuvant treatment and follow-up. 
Exposure and Outcome Measures
Tumours were classified following the B4th edition of WHO classification of CNS tumours^in four grades of malignancy and grouped as low grade (gliomas classified as grades I and II) and high grade (gliomas classified as grades III and IV) for their analysis [2] . Although a new WHO classification of tumours of CNS has been recently published based on additional molecular parameters [4] , gliomas are still classified into low (I and II) and high (III and IV) grades. All gliomas included in this study remained classified as previously, in low and high grades, regardless of the molecular profiling.
IGF-1R immunohistochemical labelling was qualitatively scored as negative when no staining was observed or positive when staining was observed in at least one area of the specimen. Positive gliomas were further classified as specimens with nuclear labelling when IGF-1R staining was observed in at least 10 positive nuclei per field at a × 40 magnification. All patients were treated by the same team of neurosurgeons and paediatric oncologists, according to a standardized institutional treatment guidance, adapted from international consensus [20, 21] . Follow-up started at surgery and ended in January 2017. At the end of the study, patients were classified as dead or alive, free of disease or with tumour persistence. Progression of the disease was defined as any changes during follow-up that required adjuvant treatment. Recurrence was defined as the reappearance of disease in any localization, following complete tumour eradication. Overall survival was calculated from the time of surgery to death or to the end of study. Patients were classified as dropouts at the end of the study when the time from the last visit was longer than 12 months.
The primary outcome was the proportion of patients harbouring gliomas with IGF-1R nuclear staining in highgrade vs. low-grade gliomas and the secondary outcome the overall survival in patients with tumours showing non-nuclear vs. nuclear IGF-1R staining with at least 6 months of followup.
Tumour Samples
Tumour samples were fixed using 4% paraformaldehyde buffer for histology and immunohistochemistry or snap frozen and kept at − 80°C for protein and RNA analysis when available.
IGF-1R IHC
Tumour samples were fixed in 10% neutral formaldehyde and paraffin embedded; 5-μm-thick sections were stained with hematoxylin and eosin. Immunostaining was performed on paraffin sections using an indirect biotin-avidin method on tumour slices mounted on charged glass slides as previously described [22] . Briefly, sections were dewaxed in xylene and rehydrated. Antigen retrieval was performed using 10 mM EDTA buffer (pH 8.0) in a microwave oven for 10 min, and endogenous peroxidase activity was blocked using 3% H 2 O 2 for 30 min. Non-specific binding was blocked with normal horse serum (ABC Vectastain) for other 30 min. Sections were incubated with anti IGF-1Rβ-subunit antibody (Cat no. 3027, CST, Boston MA, USA, 1:750 dilution) at − 4°C overnight. Antibody reactivity was detected using the Vectastain Universal ABC detection system (Vector Laboratories, CA 94010, USA). Sections of human liver tissue served as negative control for immunostaining. Samples of human kidney tissue were used as positive controls for both nuclear and non-nuclear labelling and for control for non-specific binding of DAB and secondary antibody (absence of primary antibody). Specificity validation was carried out using a specific blocking peptide (IGF-I Receptor β Blocking Peptide,CST no.1525, supplementary methods). The cellular distribution of IGF-1R detailed under Bexposure and outcome measuresŵ as assessed using an optic microscope.
Subcellular Fractionation and Western Blotting
To confirm IGF-1R intracellular localization, fresh available tumour samples were processed for subcellular fractionation and western blotting, following standard protocols. Tumour homogenates were prepared using fractionation buffer (250 mM Sucrose, 20 mM HEPES, 10 mM KCL, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA) containing protease inhibitors. Lysates were passed through a 25-Ga needle, incubated on ice for 20 min and centrifuged at low speed. Pellets were washed with fractionation buffer and suspended in nuclear fractionation buffer (also containing 10% glycerol and 0.1% sodium dodecyl sulfate) followed by sonication to obtain nuclear fraction. Supernatants were centrifuged again and supernatant fraction were kept as cytosolic and membrane (non-nuclear) fraction. Available fresh or frozen tumour samples were also processed for whole lysate preparation [23] . Protein concentration was determined using Bradford reagent. Protein extracts from both subcellular fractionation and total lysates were resolved by SDS-PAGE and transferred to polyvinylidene fluoride membranes. Blots were blocked and probed with antibodies against IGF-1R β-subunit (Cat no. 3027, CST, Boston, MA, USA), cyclin D1 (SC no. 718, Santa Cruz Inc., Dallas, TX, USA), β-actin (CST no. 4970, CST, Boston, MA, USA), as loading control for non-nuclear fraction and whole lysates, and Lamin B (SC no. 6217, Santa Cruz Inc., Dallas, TX, USA) as a marker for nuclear fraction [24] .
RT-PCR
RNA from gliomas was obtained using Direct-Zol RNA Kit (Zymo Research, Irvine, CA) following manufacturer's protocol. RT-PCR was performed using 500 ng of RNA of each sample with random hexamers to prime the reverse transcription catalysed by Super Script II (Invitrogen, Carlsbad, CA). Resulting cDNA was diluted by 1:30, and 3 μl from each dilution was subjected to RT-PCR in triplicates using Kapa Sybr Fast qPCR master mix (Kapa Biosystems, Boston, MA) in
Step One Plus Real-Time PCR Systems (Life Technologies, Carlsbad, CA). Human IGF-1R was studied using the following primers (Fw: GCAACCACGAGGCT GAGAAG Rv: GTCACTGGCCCAGGAATGTC) and normalized to TATA binding protein (TBP) as internal control. mRNA values were calculated using relative quantitation method [25] and are presented as fold change compared to low-grade gliomas or non-nuclear IGF-1R localization.
Statistical Analysis
For categorical variables, cross-tabulations were analysed using the Fisher's exact test. Kaplan-Meier survival plots were constructed to determine whether nuclear IGF-1R localization influenced patient's survival. Log rank (Mantel-Cox) test was applied to compare survival functions. Cox regression analysis was used to adjust for confounders and validated by the maximum likelihood test. All p values were two sided, and probabilities less than 0.05 were considered significant. SPSS 18.0 software (SPSS, Chicago, IL, USA) was used for all statistical analysis.
Results
The cohort included 53 patients (24 females), with a median age of 8.5 ± 5.1 years (range 0.87-18.32 years). Glioma localization was supratentorial in 25 patients and infratentorial in 28, 6 of them were brainstem tumours. One patient had tuberous sclerosis. Low-grade gliomas were the most frequent tumours (43 out of 53) and 66% of the total cohort were pilocytic astrocytomas (Table 1) .
Immunostaining for IGF-1R images are shown in Fig. 1 . Most gliomas (47 out of 53 specimens) showed positive staining for IGF-1R by IHC (Table 1 ). All six cases with negative staining were low-grade gliomas. Positive staining for IGF-1R was exclusively localized in the cytoplasm in 37 cases and present in both cytoplasm and nucleus in 10 tumours (Table 2) . We did not find specimens with exclusive nuclear labelling for IGF-1R. The specificity of nuclear and nonnuclear IGF-1R labelling was validated using a specific blocking peptide for IGF-1R antibody (Suppl Fig. 1 ). The distribution of positive nuclear and non-nuclear staining according to tumour grading is summarized in Table 3 . IGF-1R staining was mostly non-nuclear in low-grade tumours, while IGF-1R nuclear staining was predominant in high-grade gliomas (Pearson χ 2 21.05; p = 0.0001). Nuclear IGF-1R localization was confirmed by subcellular fractionation followed by western blotting of non-nuclear and nuclear fractions. IGF-1R was detected in both fractions of all available samples that had been scored as nuclear by IHC (Fig. 2a) , and it was detected and replicated in non-nuclear fraction in 14/14 scored as non-nuclear by IHC (data not shown). To assess if IGF-1R nuclear localization was related to its level of expression, we performed RT-PCR for IGF-1R. We found no differences in IGF-1R expression levels when comparing low-vs. high-grade gliomas as well as when comparing tumours with non-nuclear vs. nuclear IGF-1R localization (Fig. 2b, c) . These results were confirmed by western blot using whole protein extracts (Fig. 2d) . Since IGF-1R nuclear localization was previously associated with an increase in cyclin D1 expression, we studied cyclin D1 levels in our samples. We found that cyclin D1 protein levels were increased in gliomas with nuclear compared to non-nuclear IGF-1R staining (p < 0.05, Mann-Whitney test) (Fig. 2e) . Mean follow-up was 28.9 ± 15.6 months (range 1.78-54.7 months). There were two dropouts, both corresponding to grade I gliomas, none of them with IGF-1R nuclear labelling by IHC. Ten patients (27%) with low-grade gliomas and positive staining for IGF-1R required adjuvant treatment (chemotherapy and/or radiotherapy) due to tumour progression (n = 8) or recurrence (n = 2).
Survival was analysed according to IGF-1R localization of all patients with at least 6 months of follow-up. Mean followup was 32 months (range 52.3-6.6) in patients with gliomas having nuclear IGF-1R localization and 31.3 months (range 52.0-12.1) in patients with non-nuclear IGF-1R gliomas. Kaplan-Meier plots showed that survival time was significantly longer in patients with non-nuclear IGF-1R gliomas (mean 45.0 months, 95% CI 42.7-47.4 months) than in patients with nuclear IGF-1R gliomas (30.6 months, 95% CI d Grade I glioma, negative (× 100), bar 10 μm. e Grade III glioma, positive non-nuclear (× 100), bar 10 μm, non-nuclear staining (asterisk). f Grade III glioma, positive non-nuclear and nuclear (× 100), bar 10 μm, nuclear and non-nuclear staining (asterisk) I  6  31  3  40  II  0  3  0  3   III  0  2  5  7   IV  0  1  2  3  Total  6  37 10 53 Fig. 3) . Indeed, the risk of death was significantly increased in patients bearing gliomas with nuclear IGF-1R labelling (hazard ratio 6.7, 95% CI 1.11-40.04, p = 0.038).
Discussion
This study describes the expression and subcellular localization of IGF-1R in a large cohort of paediatric patients with gliomas. We found that IGF-1R nuclear localization was associated with high-grade tumours and increased risk of death.
Several studies have described the IGFs system in CNS tumours in both adult and paediatric patients, including the IGF-1R [6, 26, 27] . However, as far as we know, this is the first study on IGF-1R intracellular localization in CNS tumour cells and its association with clinical outcome. The first report of IGF-1R presence in the nucleus was published by Chen and Roy in 1996 in kidney cells of Syrian hamsters [28] . Interestingly, in these cells, the treatment with the oncogenic drug stilbene oestrogen doubled nuclear levels of IGF-1R. Although nuclear translocation of other tyrosine kinase receptors and their functions as transcription factors were subsequently reported [29] , it was not until 2010 that nuclear IGF-1R localization was further characterized. Aleksic et al. showed that nuclear IGF-1R is detectable not only in human cancer cells (primary renal, breast and prostate cancer cells) but also in the nuclei of an important number of normal cells [12] . However, no CNS tissues were included in this study. In contrast to other proteins transported to the nucleus, IGF-1R does not contain the canonical nuclear localization sequence (NLS). The mechanism of its nuclear translocation begins to be unveiled [19, 30] .
In agreement with reports in gliomas of the adult [27, [31] [32] [33] , our results demonstrated that most paediatric gliomas showed positive staining for IGF-1R by IHC. Furthermore, we also showed that IGF-1R immunoreactivity was almost exclusively localized in the non-nuclear compartment (89.7%). Only 10 cases showed IGF-1R in both non-nuclear and nuclear localization, while we did not find any tumours with exclusive IGF-1R nuclear staining, a feature that has been observed in other tumours [16] . Nuclear IGF-1R localization in our study was significantly associated with high- and cyclin D1 protein levels assessed by western blot: IGF-1R protein levels were similar between tumours with non-nuclear vs. nuclear IGF-1R localization, while cyclin D1 protein levels were significantly higher in tumours with nuclear IGF-1R localization. *p < 0.05, Mann-Whitney test. MW molecular weight marker grade gliomas. Moreover, the few tumours that did not show any IGF-1R staining corresponded to low-grade tumours. A report of adult patients with brain tumours including gliomas found a weak correlation between IGF-1R mRNA expression levels and WHO grading [34] . Another study showed that nuclear accumulation of IGF-1R in tumour cells was dependent on the levels of IGF-1R expression and that the ratio nuclear/non-nuclear IGF-1R localization was almost 20 times higher in tumour cell lines compared to their normal counterparts [15] . We sought whether the levels of IGF-1R expression had clinical relevance but found no differences in mRNA levels of IGF-1R when we compared low-vs. highgrade gliomas or tumours with nuclear vs. non-nuclear IGF-1R staining. Our results suggest that the amount of IGF-1R may not impact its cellular localization in paediatric gliomas and that nuclear IGF-1R localization seems to be more relevant than its level of expression. Studying nuclear IGF-1R functions, Warsito et al. showed that into the nucleus, the receptor binds to enhancer regions and works as a transcriptional cofactor, stimulating promoter activity of LEF1 on downstream target genes cyclin D1 and axin2, increasing their protein levels [35] . In agreement, we found an increase in cyclin D1 protein levels in paediatric gliomas with nuclear IGF-1R staining, as compared to those with non-nuclear labelling. Although we did not perform specific experiments to test the hypothesis, these findings may suggest a possible stimulatory role for nuclear IGF-1R in cell cycle progression. Because aberrant activation of the mitogen-activated protein kinase (MAPK) pathway, due to activating mutations of BRAF or fusions genes involving BRAF or RAF, is a common event in the tumourigenesis of paediatric low-grade astrocytomas [36] [37] , and mutations of genes involved in cell cycle regulation are involved in high-grade gliomas [5] , we cannot rule out the possibility that the genetic status of the tumours, included in our study, might also contribute to an increment in cyclin D1. Nonetheless, our data suggest that nuclear IGF-1R localization may contribute to an aggressive behaviour of gliomas from paediatric patients.
With an average follow-up of more than 2 years, we found that patients bearing gliomas with nuclear IGF-1R labelling had a significantly shorter survival time than those with nonnuclear IGF-1R gliomas. In an ongoing prospective study [38] , we have analysed 64 paediatric non-glioma CNS tumours, 33 of them high grade. Interestingly enough, only one of them showed IGF-1R nuclear localization and it was an anaplastic ependymoma, a high-grade tumour that some authors consider gliomas. We would like to underscore that after studying 117 paediatric CNS tumours, we have only found IGF-1R nuclear localization in gliomas. This suggests that nuclear translocation is restricted to this cell line in CNS paediatric tumours. We found IGF-1R nuclear localization in only 3 of 43 low-grade gliomas. Remarkably, one of them is a progressive tumour that has failed to respond to the first three therapeutic lines. In most patients with partial resection of low-grade gliomas, adjuvant therapy is prescribed only when tumours progress and re-resection is not feasible. The availability of prognostic biomarkers to identify which tumours are likely to progress can determine the need of adjuvant therapy. An earlier intervention might help to minimize severe adverse effects, especially in very young children.
In conclusion, we report the intracellular localization of IGF-1R in CNS gliomas from paediatric patients, showing that nuclear IGF-1R localization is associated to high grade in these tumours. Based on a prospective design, we provide evidence of a potential usefulness of intracellular localization of IGF-1R as prognostic factor in paediatric patients with gliomas. Larger studies will be necessary to assess if nuclear IGF-1R expression is an independent prognostic factor in gliomas, especially in low-grade tumours.
